Results and Discussion

Kinesin-6 Depletion Results in Altered Migration and Morphology of Cortical Neurons In Vivo
Three EGFP-containing plasmids, kinesin-6 small hairpin RNA (shRNA) coding, corresponding scrambled control, or empty vector, were individually electroporated into cortical ventricular zones of embryonic day 14 (E14) mice (for details and of this and other procedures, see the Supplemental Experimental Procedures available online; efficiency of knockdown is shown in Figure 1E ). Similar numbers of fluorescent cells appeared in all groups, but with slightly fewer in the kinesin-6 shRNA group, consistent with cytokinesis failure leading to cell death of neural progenitors [14, 15] . No differences in radial glial cells were observed among the groups (data not shown), indicating that observed effects on neuronal migration were not due to alterations in the scaffold along which migration occurs.
Each section was divided into three bins: upper, middle, and lower. As expected [16, 17] , most cells reached the upper bin in the case of the empty vector and scrambled control groups (Figures 1A and 1F ; 74.5% 6 4.5% and 63.2% 6 5.1%, respectively; no significant difference). In the kinesin-6 shRNA group, most cells were stalled in the lower bin ( Figures 1B and 1F) ; only 7.3% 6 2.2% cells were found in the upper bin (significant difference with the empty vector and scrambled control in both the upper bin [p < 0.0001 and p < 0.0001, respectively] and the lower bin [p < 0.0001 and p < 0.0001, respectively, Student's t test]).
As they enter the cortical intermediate zone region from the subventricular zone region, neurons normally transform from a multipolar to a bipolar morphology suitable for directed migration [18, 19] . In the kinesin-6 shRNA group, most cells in this region were multipolar (Figures 1D and 1G ; 91.1% 6 6%), unlike the empty vector and the scrambled control groups (Figures 1C and 1G ; 32.8% 6 4.4% and 36.6% 6 3% were multipolar, respectively) (no significant difference between the empty vector and scrambled control groups; kinesin-6 shRNA group was significantly different from each of the other two groups [p = 0.008 and p = 0.007 respectively, Student's t test]). Many cells were bipolar in the empty vector and the scrambled control groups (60.4% 6 5.5% and 49.3% 6 3.1%, respectively), but very few were bipolar in this region in the kinesin-6 shRNA group (4.2% 6 3%).
Kinesin-6 Depletion Alters Cortical Neuron Migration along Fiber Lattice In Vitro
In a culture system of cortical neurons migrating along glial fibers in vitro [20] , neurons transfected with kinesin-6 shRNA assumed a multipolar morphology and were more or less immobile (Figures S1C and S1D), whereas cells transfected with scrambled control migrated rapidly (Figures S1A and S1B). Mean migration speed of control neurons was 40.4 6 4.8 mm/hr (n = 14), while that of kinesin-6 shRNA neurons was 15.6 6 3.7 mm/hr (n = 11) (significant difference [p = 0.0007, Student's t test]).
Kinesin-6 Depletion Affects Migration of Cerebellar Granule Neurons In Vitro
For mechanistic studies, cerebellar granule neurons were transfected with small interfering RNA (siRNA) (control or kinesin-6) and pEGFP-C1 and then plated on glass. Efficiency of knockdown is shown in Figure 2A . Time-lapse imaging indicated that while control neurons moved in a unidirectional fashion ( Figure 2B ), kinesin-6-depleted neurons frequently changed direction of migration ( Figure 2C ; see also Movie S1). While control neurons exhibited an average net displacement of 26.3 6 2.0 mm/hr (n = 17), kinesin-6-depleted neurons exhibited little average net displacement (6.7 6 1.0 mm/hr, n = 14, p < 0.0001, Student's t test; Figure 2D ). Thus, kinesin-6 depletion did not render these neurons stationary as with the cortical neurons but perturbed directed movement, as reflected by a decrease in the persistence of movement ( Figures 2E and 2F ).
*Correspondence: pbaas@drexelmed.edu While most control neurons exhibited a bipolar morphology with a prominent leading process and a thin trailing process, kinesin-6-depleted neurons were usually multipolar ( Figures  2H and 2J ). Most often these cells had three processes, two of which were morphologically similar and a third that was thinner and more similar to the trailing process of control neurons (see Figure 3D for morphological analyses on fixed cells). Morphological analyses on live cells indicated that the proportion of multipolar cells was significantly higher at 92.9% (n = 14) in the kinesin-6 siRNA group compared to the control group, in which the proportion was 7.1% (n = 17) ( Figure 2J ; p < 0.0001, chi-square test). This phenotype was rescued by expression of siRNA-resistant kinesin-6-GFP ( Figure 2J ; n = 25). When the angle between the two similar processes (plotted against the speed of migration on a per cell basis; see Figure 2I ) was closer to 180 (or 0 ), migration speeds were higher. When the angle was 60 -120 , the speeds were lower, suggesting that altered morphology is at least partially responsible for altered migration. Overexpression of kinesin-6 caused slight bundling of microtubules and reduced the length of the leading process by 36.3% ( Figures S2, S2F , and S2F
0 ; n = 8 in each group, p < 0.0001). . By contrast, in the kinesin-6-depleted group, the caudal tip and the centrosome sometimes overlapped ( Figures S2B and S2B 0 ). In the control siRNA group, for 88.9% of the cells, the centrosome was consistently situated in the anterior soma, but that was true for only 10% of the cells in the kinesin-6 siRNA group (n = 27 for the control siRNA group and n = 20 for the kinesin-6 siRNA group, p < 0.0001, Fisher's exact test; see Figure S2C ).
Kinesin-6 Is Enriched in the Proximal Region of the Leading Process
The immunostain signal for kinesin-6 was more intense in the proximal region of the leading process compared to its distal region ( Figures 3A-3A 000 ). The regions rich in kinesin-6 were typically less concentrated with microtubules than other regions of the leading process, indicating a true enrichment of kinesin-6 relative to microtubule mass ( Figure 3B ). This was further confirmed by comparison to EGFP as a volume marker (data not shown). In most of these neurons, the centrosome was situated within this enriched region (92.9%; see Figures S2D-S2D 00 and S2E-S2E 00 for micrographs). Correlation between kinesin-6 enrichment and centrosome localization was significant (p = 0.001 [Pearson's correlation coefficient] between the ''centrosome only'' group and ''both'' group and p = 0.005 between the ''enrichment only'' and ''both'' group, total n = 16). Interestingly, there was a strong correlation between kinesin-6 and F-actin enrichments (p = 0.0008 [Pearson's correlation coefficient] between the ''actin only'' and ''both'' groups and also between the ''kinesin-6 only'' and ''both'' groups), which might relate to the fact that kinesin-6 has an actin-binding domain [21] .
F-Actin Is Mislocalized in Kinesin-6-Depleted Granule Neurons Phalloidin staining showed F-actin enriched in the proximal leading process ( Figures 3C-3C 000 ) of control neurons. Because kinesin-6-depleted neurons were generally multipolar, no one process was clearly identifiable as the leader. Whereas in control cells the leading process was consistently and significantly thicker than the trailing process (mean thickness for the leading process, 1.2 6 0.01 mm; mean thickness for the trailing process, 0.4 6 0.01 mm; n = 36; Figure 3D ), kinesin-6-depleted cells typically had three processes, two of which were of comparable thickness while the third process was usually thinner (mean thickness for processes, 0.7 6 0.01 mm, 0.7 6 0.01 mm, and 0.4 6 0.01 mm; n = 34). In phalloidin-stained control cells, 54.9% cells did not show any F-actin enrichment, 35.3% cells showed enrichment in the leading process, and 9.8% cells showed enrichment in multiple processes (n = 51). This is consistent with previous studies indicating that proximal F-actin enrichment occurs only when the cell is making a forward step and hence would not be expected to be in every cell at all times [3] . In kinesin-6-depleted cultures, 52.6% of cells did not show any F-actin enrichment and 7.0% of cells showed enrichment in a single process, whereas 23% of cells showed enrichment in multiple Figure S2 for the effect of kinesin-6 depletion on centrosome movements and the kinesin-6 overexpression phenotype.
processes (n = 57; see Figures 3C-3C 000 , 3E-3E 000 , and 3F). The difference between the control siRNA and kinesin-6 siRNA group, with regard to percentage of cells showing F-actin enrichment in a single process and that in multiple processes, was found to be significant via a 2 3 2 contingency table test Coimmunostaining for kinesin-6 and a-tubulin (to reveal microtubules) in a cerebellar granule neuron. Note that a-tubulin (microtubule) staining does not show enrichment in the proximal leading process, whereas kinesin-6 staining is enriched. (C-C 00 0 and E-E 000 ) Immunostaining for Tuj1 (neuron-specific b-III-tubulin) and simultaneous staining with phalloidin to detect F-actin on neurons transfected with control siRNA (C-C 000 ) or kinesin-6 siRNA (E-E 00 0 ) after 72 hr. In the control siRNA group, a subset of cells showed strong F-actin enrichment in specific subcellular regions. In this subset, this enrichment was typically restricted to the proximal region of a single leading process, whereas in the kinesin-6 siRNA group, F-actin enrichment was often observed simultaneously in multiple processes. Arrowheads indicate F-actin-enriched regions. (D) Quantification of cellular morphology in terms of process thickness for cells transfected with control or kinesin-6 siRNA. In the control group, neurons possessed a single leading process, which can be defined by greater thickness of this process, whereas in the kinesin-6 group, neurons typically possessed three processes, two of which were of similar thickness. Effect of kinesin-6 depletion on microtubule dynamics was also analyzed (see Figure S3 ). (F) Quantification of the proportion of neurons showing F-actin enrichment in the total population, and pattern of actin enrichment within this subset, in cultures that were transfected with control siRNA or kinesin-6 siRNA for 72 hr. (G) Live imaging of F-actin using GFP-F-tractin probe in kinesin-6-depleted cells.
(p < 0.0001). Rate of F-actin turnover in the proximal leading process is higher than within other cellular compartments [3] . No detectable differences in the dynamics of the actin enrichments in control and kinesin-6-depleted neurons were observed when F-actin dynamics were probed using time-lapse microscopy on GFP-F-tractin-transfected neurons ( Figure 3G ; see Supplemental Experimental Procedures).
Changes in Microtubule Organization in Kinesin-6-Depleted Migratory Neurons Neurons were cotransfected with kinesin-6 or control siRNA, RFP-Pct (to label the centrosome), and EGFP-EB3 (to label growing microtubule plus ends, which appear as fluorescent comets). Comets filled the leading process and curved around the nucleus in the soma (still images in Figures S3A and S3B) . Comet speed was indistinguishable in controls (0.21 6 0.02 mm/s) and kinesin-6-depleted cells (0.23 6 0.01 mm/s). In the control leading process and soma, most comets emerged and projected away from the centrosome (93.8% 6 1% and 93.7% 6 3.3%, respectively). In kinesin-6-depleted cells, the proportion of comets directed away from the centrosome in the soma region was similar to controls (95.3% 6 1.7%, p = 0.7), but there was a significant decrease in comets directed away from the centrosome in the leading process (70.2% 6 1.5%, p = 0.02, n = 9 cells in each group; Figure S3C) . Notably, no significant difference was observed in the orientation of comets directed away from the centrosome in the process that was not the leader at that point of time, in comparison with the leading process in controls (92.5% 6 2.5%, p = 0.8, Student's t test, n = 9 cells in each group). Thus, unlike the actin enrichment, which could appear simultaneously in two processes, the microtubule defect resulting from kinesin-6 depletion was specific to the process serving as the leader at any moment in time. We suspect that this reflects a role for kinesin-6 in maintaining microtubule organization in the face of major alterations in the actin cytoskeleton and/or in directing which process will take possession of the actin enrichment, thus becoming the leader.
MgcRacGAP in Migratory Neurons
A Rho-family GTPase-activating protein called MgcRacGAP combines during cytokinesis with kinesin-6 to form a complex called centralspindlin that binds to microtubules in the spindle midzone and regulates F-actin localization via a downstream signaling cascade [9] [10] [11] [12] [13] . If this same situation obtains in migratory neurons, the two proteins should track together. Conducting time-lapse imaging on neurons transfected with a dsRed-tagged MgcRacGAP construct, we found the tagged protein to localize in the leading process and soma in a distribution that colocalized with kinesin-6 in immunostain analyses. As the neurons migrated, we observed the tagged MgcRacGAP moving through these cellular compartments, with cotransfected EGFP marking the outline of the cell. For multiple cells (n = 14 cells, n = 27 instances of forward stepping of soma), quantitative analyses of the tagged MgcRacGAP revealed it moving to concentrate in the proximal region of the process serving as the leader, in a fashion similar to the F-actin enrichment (see Figure S4 for details). In kinesin-6-depleted neurons that displayed normal bipolar morphology, MgcRacGAP distribution resembled that of controls, whereas kinesin-6-depleted multipolar cells showed MgcRacGAP in more than one process simultaneously ( Figure S4C) .
A GAP-inactive version of the construct called MgcRacGAP-RA is known to act as a dominant negative [22] . Comparison of control neurons (i.e., not kinesin-6 depleted) transfected with wild-type MgcRacGAP or MgcRacGAP-RA indicated that whereas the wild-type protein was localized in the leading process, the mutant protein was distributed in two different processes ( Figures 4A, 4A 0 , 4B, and 4B 0 ). Time-lapse imaging indicated that while neurons transfected with wild-type MgcRacGAP exhibited net displacement of 25 6 2.9 mm/hr (n = 14 cells) and total displacement of 25.5 6 2.8 mm/hr, the MgcRacGAP-RA group exhibited net displacement and total displacement of 6.5 61.2 mm/hr (n = 12 cells) and 13.2 62.4 mm/hr, respectively. Persistence of movement was also different for these two groups (Figures 4D-4F) . A significantly higher proportion of cells transfected with MgcRacGAP-RA exhibited multipolar morphology (83.3%) compared to those transfected with wild-type MgcRacGAP (14.3%; Figure 4C ). These effects on migration closely resembled those resulting from kinesin-6 depletion, consistent with a cytokinesis-like pathway functioning in migrating neurons. This view is buoyed by previous findings that RhoA (the target of MgcRacGAP signaling) also accumulates in the leading process [23] .
We previously reported that kinesin-6 helps establish the mixed orientation of dendritic microtubules [24, 25] , presumably via a sliding microtubule mechanism consistent with the properties of kinesin-6 to transport minus ends of microtubules toward plus ends of other microtubules [26] . Our present findings, consistent with the strong expression of kinesin-6 in migratory neurons [27] , indicate that kinesin-6 plays another, earlier role in neuronal development. In migratory neurons, kinesin-6 is not essential to concentrate F-actin in the proximal region of processes, but it is essential to constrain the F-actin concentration to a single process. Such constraint appears to be critical for enabling the neuron to designate a single process as the leader and hence to enable the centrosome to follow that process in an orderly fashion. The role of kinesin-6 in neuronal migration borrows a mechanistic theme from cytokinesis, one of the most fundamental cytoskeletal pathways in nature, with the proximal region of the leading process being analogous to the cleavage furrow.
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